-5Ј-nucleotidase (cd73)-dependent and -independent generation of adenosine participates in the mediation of tubuloglomerular feedback in vivo. Am J Physiol Renal Physiol 291: F282-F288, 2006. First published March 8, 2006 doi:10.1152/ajprenal.00113.2005.-Tubuloglomerular feedback (TGF) describes a sequence of events linking salt concentrations in tubular fluid at the macula densa to the vascular tone of the afferent arteriole and thus to the glomerular filtration rate (GFR) of the same nephron. The signal transduction pathways of TGF remain incompletely understood, but both ATP release from macula densa cells and local formation of adenosine were suggested to be involved in the process. To test the role of extracellular formation of adenosine by ecto-5Ј-nucleotidase (cd73) in TGF, in regulation of GFR, and in tubular reabsorption, renal clearance and micropunture experiments were performed in cd73 wild-type (cd73 ϩ/ϩ ) and knockout mice (cd73 Ϫ/Ϫ ). The cd73 Ϫ/Ϫ mice presented normal mean arterial blood pressure, but modestly lower whole kidney and single nephron GFR (SNGFR). Fractional reabsorption of Na ϩ and K ϩ up to the late proximal tubule, distal tubule, as well as urine were not significantly different between cd73 Ϫ/Ϫ and cd73 ϩ/ϩ mice. Lack of cd73 resulted in a diminished TGF response, as indicated by smaller changes of stop-flow pressure in response to increasing loop of Henle perfusion from 0 to 25 nl/min, smaller differences in SNGFR determined from paired proximal and distal tubular collections, and by smaller fractional changes of distal SNGFR in response to adding 6 nl/min of artificial tubular fluid to free-flowing proximal tubules. The TGF response in cd73 ϩ/ϩ mice and the residual TGF response in cd73 Ϫ/Ϫ mice were completely inhibited by adenosine A1-receptor blockade. The results suggest that extracellular formation of adenosine by ecto-5Ј-nucleotidase (cd73) is dispensable for normal fluid, Na ϩ , or K ϩ reabsorption along the nephron, but contributes to the regulation of GFR. Adenosine generated by both ecto-5Ј-nucleotidase (cd73)-dependent and -independent mechanisms participates in the mediation of TGF in vivo. micropuncture; stop-flow pressure; tubular reabsorption THE TUBULOGLOMERULAR FEEDBACK (TGF) describes a sequence of events linking salt concentrations in the tubular fluid at the macula densa to the vascular tone of the afferent arteriole of the same nephron. When salt concentrations at the macula densa increase, single nephron glomerular filtration rate (SNGFR) is reduced by preglomerular vasoconstriction. By inversely linking the salt concentration at the macula densa with SNGFR, the TGF mechanism provides an efficient way to stabilize the salt and fluid load to the distal nephron, facilitating fine regulation of water and electrolyte homeostasis at the latter site.
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The signal transduction pathways involved in the TGF response remain poorly understood, but both ATP release from macula densa cells (1) as well as local formation of adenosine were suggested to play important roles in the process (23, 24, 25, 30) . With regard to the role of adenosine, the TGF response is completely absent in adenosine A 1 -receptor knockout mice (3, 32, 36) and significantly suppressed during local inhibition of adenosine synthesis by pharmacological blockade of 5Ј-nucleotidase (26, 33) . Moreover, clamping local adenosine A 1 -receptor activation at constant levels inhibits TGF activity (33) . These findings suggested that a normal TGF response requires adenosine to fluctuate with changes in salt concentration at the macula densa, indicating that adenosine acts as a mediator of TGF in vivo (33) . By integrating roles of ATP release and adenosine A 1 -receptor activation in one concept, it seems possible that ATP is released from macula densa cells into the interstitium of the extraglomerular mesangium, where it is broken down by nucleoside triphosphate diphosphohydrolases to AMP (1, 14, 15) . The latter is converted to adenosine by cd73 to activate adenosine A 1 receptors and cause local vasoconstriction (26, 35) . The cd73 is a glycosylphosphatidylinositol-anchored ubiquitous enzyme that catalyzes the extracellular conversion of adenine nucleotides to adenosine (14, 15, 19, 39) . Extracellular formation of adenosine is thought to contribute to renal physiology and pathophysiology (8, 14, 15) . With regard to TGF, a recent study using the gene-targeting approach provided further evidence for the outlined concept by showing that TGF was impaired in ecto-5Ј-nucleotidase (cd73) knockout mice (5) . These knockout mice were generated by a gene exchange strategy that leaves the neomycin-resistance cassette within the targeted locus and using the C57BL/6J mouse strain as an inbred host.
Another line of ecto-5Ј-nucleotidase (cd73)-deficient mice was now independently generated using the conditional knockout strategy based on the cre-loxP system, to ensure the effective removal of the selected cassettes (17) , and the NMRI (Naval Medical Research Institute) strain was chosen as an inbred host (7) . It has been recently reported that this strain of cd73-deficient mice has disrupted degradation of AMP to adenosine as well as significantly altered coronary vascular tone, platelet activation, and leukocyte adhesion to the vascular endothelium (17) . The present study was performed to assess TGF in this line of cd73-deficient mice, which were generated by a different gene-targeting approach and a different genetic background. Because the previous line of mutant mice still had ϳ50% preserved TGF activity (5), the present study aimed to further assess whether the residual TGF activity in the absence of cd73 is also mediated by adenosine A 1 receptors or depends on ATP-activated purinergic P2X receptors. The latter possibility could arise due to local ATP accumulation when cd73 is lacking. Based on the findings that adenosine has diverse effects on tubular fluid and electrolyte transport (4, 14, 15, 28) and that acute local blockade of 5Ј-nucleotidase may affect tubular fluid reabsorption (33), we also analyzed glomerular filtration rate (GFR), SNGFR, and fluid and electrolyte reabsorption along the nephron in cd73 wild-type (cd73 ϩ/ϩ ) and knockout (cd73 Ϫ/Ϫ ) mice.
METHODS
Animal care and generation of mutant mice. Mice were kept on a standard mouse chow (Altromin, Heidenau, Germany) and were taken care of in accordance with the European Convention on Animal Care. Animal experiment protocols were conducted according to the German law for the welfare of animals and were approved by local authorities. Mice deficient for ecto-5Ј-nucleotidase (cd73) were generated as previously described (17) . Heterozygous mice were interbred to produce homozygous cd73 ϩ/ϩ and littermate cd73 Ϫ/Ϫ mice. Both male and female mice were used for the current experiments.
Histochemical detection of cd73/ecto-5Ј-nucleotidase activity in kidney sections. Histochemistry was performed in frozen kidney sections using a lead phosphate method (pH 7.4), as described (2) . To block alkaline phosphatase activity, kidney sections were preincubated for 15 min in a Tris-maleate sucrose buffer with 5 mM levamisole (Sigma-Aldrich Chemie, Steinheim, Germany) at room temperature. AMP was added to the substrate solution at a concentration of 1 mM. After the sections were washed with demineralized water, lead orthophosphate, which was precipitated as a result of cd73 activity, was visualized as brown deposits (2) .
Surgical preparation for clearance and micropuncture experiments. Surgical preparation was performed as described before (9, 38) . Briefly, mice were anesthetized using 100 mg/kg ip Inactin (Sigma-Aldrich Chemie) and 100 mg/kg im ketamine (CuraMED Pharma, Karlsruhe, Germany). Animals were then placed on a temperature-controlled operating table to keep rectal temperature at 37°C. Tracheostomy was performed, and the right jugular vein was cannulated for continuous infusion of 2.25% BSA dissolved in 0.85% NaCl at a rate of 350 l ⅐ h Ϫ1 ⅐ 30 g body wt Ϫ1 . [ 3 H]inulin was added in the infusion for evaluation of whole kidney GFR and SNGFR. Arterial blood pressure was recorded via a catheter inserted into the left femoral artery. The left kidney was exposed by flank incision, carefully freed of perirenal fat, and immobilized in a lucite cup. The kidney was covered with prewarmed paraffin oil. After completion of surgery and stabilization of the animals for 30 min, timed urine collections were performed via a catheter placed in the urinary bladder. Arterial blood samples were taken before and after completion of the urine collection period.
Free-flow collections and SNGFR measurements from distal and late proximal tubules. Proximal and distal tubular configuration of nephrons was identified by injecting small volumes of stained artificial tubular fluid (ATF) into a random proximal segment (10) . After identification of nephron configuration, those nephrons, having both superficial proximal and distal loops, were subjected to paired freeflow tubular fluid collections. A collecting pipette (5-to 6-m tip) was inserted into the first accessible distal tubular loop to perform a timed collection of tubular fluid (at least 3 min in duration) under free-flow conditions, utilizing a short mineral oil block. After the distal collection was finished and the short mineral oil block was washed out, another collecting pipette (10-to 11-m tip) was inserted into the last proximal tubular loop of the same nephron to perform a paired free-flow collection. The collected tubular fluid was then transferred into constant-bore capillaries for determination of volume, [ 3 H]inulin, and Na ϩ and K ϩ concentrations (see below). Assessment of TGF response by changes in stop-flow pressure to loop of Henle perfusion. As described previously, TGF response was assessed as the fall in early proximal tubule stop-flow pressure (SFP) in response to alteration of late proximal tubular perfusion rate (11) . Briefly, a perfusion pipette filled with ATF (in mM: 130 NaCl, 10 NaHCO 3, 4 KCl, 2 CaCl2, 7.5 urea, stained with 0.1% FD&C fast green, pH 7.4) and directly attached to a microperfusion pump was inserted into the last surface loop of the proximal tubule. Two immobile wax blocks were injected into the proximal tubule: one into the last accessible loop upstream from the perfusion pipette, and the other into the tubular site originally used for identification. Another micropipette (1-to 3-m tip), filled with sodium chloride (1.5 M) and connected with a servo-nulling device (World Precision Instruments, New Haven, CT), was inserted upstream from the proximal wax block to monitor early proximal SFP during perfusion of Henle's loop at 0 and 25 nl/min.
Assessment of TGF response by changes in SNGFR to increasing late proximal flow rate. First, distal tubular segments on kidney surface were identified, and timed collections of tubular fluid were performed utilizing short mineral oil blocks to determine early distal tubular flow rate and Na ϩ concentration, as well as basal distal SNGFR. Then a perfusion pipette containing ATF (see above) was inserted into the last surface loop of the proximal tubule to add 6 nl/min, thereby enhancing the salt load to loop of Henle and macula densa. Under these conditions, the first distal tubular segments were punctured a second time for recollection of tubular fluid and assessment of the above-mentioned parameters.
Effects of P2X-receptor and adenosine A1-receptor blockade on the TGF response. To clarify whether the remaining TGF response observed in cd73 Ϫ/Ϫ was mediated by adenosine and to assess a potential contribution of accumulating ATP in the absence of cd73, SNGFR responses were determined, as described in the previous paragraph, in response to adding ATF to the free-flowing late proximal tubule (6 nl/min), with or without the P2X-receptor blocker NF279 (Tocris, Avonmouth, UK) (13) or adenosine A1-receptor blocker 8-cyclopentyl-1,3-dipropylxanthine (DPCPX; Sigma-Aldrich Chemie) (31) in the perfusate. NF279 is a potent and highly selective antagonist of P2X receptors (6, 16, 18, 27) and is ineffective on adenosine A1 receptors (18, 27) . NF279 at 20 M, the concentration used in the present studies, has been reported to completely block pressure-induced and ATP-induced afferent arteriolar vasoconstriction in rat isolated juxtamedullary nephrons (13) . Results from Lohse and coworkers (20) showed that DPCPX has ϳ700-fold selectivity for adenosine A1 receptors over the A2 receptor and does not significantly inhibit the soluble cAMP phosphodiesterase activity, even at millimolar concentrations. DPCPX in concentrations of 100 M has been shown before to inhibit the TGF response when the perfusion rate of the loop of Henle is increased as well as adenosine-induced afferent arteriolar vasoconstriction (31, 37) .
Analytical and statistical methods. Kidney weight was determined after decapsulation at the end of micropuncture experiments. Urinary flow rate was determined gravimetrically. Urine and plasma were analyzed for Na ϩ and K ϩ concentration by flame photometry (ELEX 6361, Eppendorf). Tubular Na ϩ and K ϩ concentration in the collected tubular fluid were determined as previously described (10, 11, 38) , employing a microflame photometer. Concentration of [ 3 H]inulin in plasma, urine, and tubular collections was measured by liquid-phase scintillation counting. GFR and SNGFR were calculated according to standard formula. All data were tested for significance using paired or unpaired Student t-test as appropriate, and only results with P Ͻ 0.05 were considered statistically significant.
RESULTS

Renal histochemistry of ecto-5Ј-nucleotidase (cd73) activity.
As shown in Fig. 1 , AMPase activity was found in luminal membranes of proximal tubules and was especially abundant in the glomerular mesangium and in the cortical interstitium of cd73 ϩ/ϩ mice. The presence of levamisole in the reaction mixture precluded any staining due to alkaline phosphatase activity. These data are in accordance with previous observations by Le Hir and Kaissling (19) . Importantly, no activity of ecto-5Ј-nucleotidase was detectable in the kidney sections of cd73 Ϫ/Ϫ mice. Blood pressure and whole kidney function in anesthetized mice. Body weight, mean arterial blood pressure, as well as arterial hematocrit and Na ϩ and K ϩ concentrations in plasma were similar in cd73 ϩ/ϩ and cd73 Ϫ/Ϫ (Table 1) . Urinary flow rate and fractional urinary excretion of fluid, Na ϩ , and K ϩ were not significantly different between the genotypes (Table 1 and Fig. 2 ). However, two kidney GFR as well as kidney wet weight were modestly lower in cd73 Ϫ/Ϫ than cd73 ϩ/ϩ mice (Table 1) .
Single nephron function. Consistent with results for two kidney GFR, SNGFR measured from both early distal (DT) and from late proximal tubular (PT) sites was significantly lower in cd73 Ϫ/Ϫ than cd73 ϩ/ϩ mice (Fig. 3) . Lower SNGFR was associated with lower flow rates at both late proximal and early distal tubular sites in cd73 Ϫ/Ϫ vs. cd73 ϩ to the late proximal tubule, to the distal tubule, and to the final urine was similar in both genotypes (Fig. 2) . Fractional delivery of fluid to the last proximal loop on the surface and to the final urine was likewise similar in cd73 Ϫ/Ϫ and cd73 ϩ/ϩ mice (Fig. 2) . Fractional delivery of fluid up to the early distal tubule was modestly reduced in cd73 Ϫ/Ϫ vs. cd73 ϩ/ϩ mice (see DISCUSSION) . TGF response. In cd73 ϩ/ϩ mice, SNGFR determined from early distal tubular collections, i.e., with ambient flow at the macula densa, was significantly lower than SNGFR determined from late proximal collections, i.e., with acute reduction in the flow passing the macula densa, consistent with TGF-mediated suppression of SNGFR under ambient conditions. In comparison, a significant difference in SNGFR between proximal and distal measurements was not detected in cd73 Ϫ/Ϫ mice (Fig. 3) . When the late proximal perfusion rate was increased from 0 to 25 nl/min, SFP decreased from 38.3 Ϯ 0.3 to 32.1 Ϯ 0.8 mmHg in cd73 ϩ/ϩ , whereas, in cd73 Ϫ/Ϫ , SFP fell from 37.5 Ϯ 0.4 to 34.2 Ϯ 1.4 mmHg. Both the absolute and fractional changes of SFP were significantly reduced in cd73 Ϫ/Ϫ vs. cd73 ϩ/ϩ mice (Fig. 4) . Consistent with TGF activation, cd73 ϩ/ϩ mice responded to the addition of 6 nl/min of ATF to the last surface loop of the proximal tubule with an increase in distal Na ϩ delivery and a reduction in SNGFR, as determined by distal tubular collection (Fig. 5 ). This response of SNGFR was significantly attenuated in cd73 Ϫ/Ϫ mice, consistent with an attenuated TGF response. As a consequence, the increase in distal Na ϩ delivery was significantly greater in cd73 Ϫ/Ϫ mice.
Effects of adenosine A 1 -receptor or P2X-receptor blockade.
The adenosine A 1 -receptor blocker DPCPX (100 M) completely blunted the SNGFR response to adding ATF to the free-flowing late proximal tubule in cd73 ϩ/ϩ mice and completely inhibited the residual SNGFR response in cd73 Ϫ/Ϫ mice. As a consequence, the increases in early distal Na ϩ delivery were greater in both genotypes when DPCPX was added to the perfusate (Fig. 5) . In comparison, the P2X- 
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Values are arithmetic means Ϯ SE; n, no. of subjects. *P Ͻ 0.05 vs. cd73 ϩ/ϩ . receptor blocker NF279 (20 M) did not alter SNGFR responses or early distal Na ϩ loads in cd73 ϩ/ϩ or cd73 Ϫ/Ϫ mice compared with control ATF in a statistically significant way (Fig. 5) . A tendency for somewhat smaller SNGFR responses to NF279 than control ATF, however, appeared apparent, especially in cd73 Ϫ/Ϫ mice (see DISCUSSION) .
DISCUSSION
In a recent report by Castrop et al. (5) , the TGF response was found to be impaired in ecto-5Ј-nucleotidase (cd73)-deficient mice using the C57BL/6J mouse strain as an inbred host. The present cd73 knockout mice were inbred with the NMRI strain and were generated by a different gene knockout strategy (17) , but revealed a similar phenotype with regard to TGF responses. The fall of SFP in response to increasing the loop of Henle perfusion rate from 0 to 25 nl/min was reduced by ϳ48% in cd73
Ϫ/Ϫ vs. cd73 ϩ/ϩ mice. This indicates that extracellular adenosine formation via ecto-5Ј-nucleotidase (cd73) is involved in TGF signaling, but does not account for the entire TGF response, at least in response to supraphysiological flow rates at the macula densa. To gain insights into the ambient influence of fluid and salt passing the macula densa on SNGFR, we performed free-flow tubular collections to compare distal to proximal tubular measurements of SNGFR, i.e., during ambient flow and salt concentrations at the macula densa vs. an acute reduction in these parameters. Evidence for a requirement of cd73 in the ambient macula densa-mediated control of SNGFR was provided, because, only in mice with intact cd73, proximal SNGFRs were significantly greater than distal SNGFRs.
The TGF mechanism operates by sensing changes in early distal salt concentrations in the tubular fluid at the macula densa and transmitting this signal to the afferent arteriole. Adenosine was first considered as a possible mediator of TGF by Osswald and colleagues, as adenosine antagonism inhibited, while adenosine accumulation potentiated, TGF (23, 24, 25 ). An increase of salt concentrations at the macula densa segment forces enhanced transport through the Na ϩ -2Cl Ϫ -K ϩ cotransporter, thus potentially increasing ATP consumption and adenosine formation in the macula densa cells. Alternatively or in addition, ATP itself may be released with increasing salt concentrations at the macula densa. Evidence for this was provided in the isolated juxtaglomerular apparatus by Bell and colleagues (1), who showed ATP release from macula densa cells when luminal NaCl concentration was increased. Considering the evidence that adenosine formation and activation of adenosine A 1 receptors are required for intact TGF (3, 32, 33, 36) , it seems possible that the ATP released by the macula densa is converted, at least in part, to adenosine. In accordance, pharmacological blockade of 5Ј-nucleotidase inhibited TGF in the rat (33) and rabbit (26) . The evidence that two knockout mice for cd73, which have different genetic backgrounds and were generated independently by different strategies, both present impaired TGF responses in vivo (Ref. 5 and present study) further supports this concept.
Unlike adenosine A 1 -receptor knockout mice, in which TGF was absolutely absent (3, 32, 36) , cd73 knockout mice still have some TGF response. The TGF activity in cd73 ϩ/ϩ mice, as well as the preserved TGF response in cd73 Ϫ/Ϫ mice, was completely inhibited by the selective adenosine A 1 -receptor blocker DPCPX, suggesting that adenosine may also mediate the preserved TGF activity in the absence of cd73. DPCPX at micromolar concentrations given in the late proximal tubular fluid has been shown before to inhibit the normal TGF response and adenosine receptor activation-induced afferent arteriolar vasoconstriction in rats (31, 37) . Although the possibility that DPCPX at this concentration may mask the direct effects of this agent on other receptors in afferent arterioles could not be absolutely excluded, our observation implied that adenosine A 1 -receptor activation is one important component for a full TGF response in the presence or absence of cd73 in mice. Together, these data indicate that ecto-5Ј-nucleotidase (cd73)-dependent and -independent generation of adenosine participates in the mediation of TGF in vivo. Thus, in addition to extracellular formation, adenosine may be directly generated and released from macula densa cells. Intracellular generation of adenosine includes 1) the classic sequential dephosphorylation of intracellular ATP to adenosine, and 2) the hydrolysis of S-adenosyl-L-homocysteine to L-homocysteine and adenosine (for review, see Refs. 14, 15). These intracellular adenosine pathways may contribute to the preserved TGF activity found in the cd73 Ϫ/Ϫ . In accordance with previous reports (5, 17) , cd73
Ϫ/Ϫ mice have normal blood pressure and plasma Na ϩ and K ϩ concentrations. There was no difference between genotypes with regard to urinary excretion of fluid, Na ϩ , and K ϩ . It was observed previously that acute and local application of 5Ј-nucleotidase blocker ␣,␤-methylene adenosine diphosphate can reduce proximal fluid reabsorption in anesthetized rats (33) . The present study revealed that reabsorption of fluid, Na ϩ , and K ϩ in proximal tubules was not altered in cd73
mice, possibly indicating efficient compensatory mechanism in the gene-disrupted animals. Likewise, fractional reabsorption of Na ϩ and K ϩ to the early distal tubule as well as to the urine was not affected in mice lacking cd73, arguing against an indispensable role of cd73 in the control of Na ϩ and K ϩ transport along the nephron. The observed modest increase in fractional fluid reabsorption up to the early distal tubule in cd73 Ϫ/Ϫ mice was possibly a consequence of a lower SNGFR in this group and the imperfect nature of glomerulo-tubular balance, i.e., changes in SNGFR cause modest inverse changes in fractional reabsorption (34) .
Whole kidney GFR as well as SNGFR measured from both proximal and distal tubule were modestly but significantly lower in cd73 Ϫ/Ϫ than cd73 ϩ/ϩ mice. Kidney weight was likewise modestly lower in the absence of cd73, such that GFR related to kidney weight was normal. We did not find disarranged renal structures or disturbed renal morphology in kidneys of cd73 Ϫ/Ϫ mice, and thus the reduced kidney weights could, at least in part, be the result of a primary reduction in GFR. The mechanisms contributing to lower GFR in cd73 Ϫ/Ϫ mice remain unclear. The findings indicate, however, that ecto-5Ј-nucleotidase (cd73)-dependent regulation of GFR is not restricted to its local role in TGF, because an attenuated TGF-dependent suppression of GFR itself (as observed in cd73 Ϫ/Ϫ mice) would not be expected to result in lower, but rather higher, GFR. The previously published study on cd73 Ϫ/Ϫ mice reported normal renal blood flow, whereas GFR or SNGFR were not determined (5) . Notably, renal expression of cd73 protein includes glomerular mesengial cells, as well as smooth muscle cells of both afferent and efferent glomerular arterioles (19) . Considering further that local levels of ATP may be elevated in cd73
Ϫ/Ϫ mice due to reduced conversion of adenine nucleotides to adenosine, it seems possible that accumulating ATP, a known renal vasoconstrictor (13, 14) , could contribute to the observed lower GFR in the absence of cd73. In contrast to adenosine A 1 -receptor blockade, luminal application of the P2x-receptor blocker NF279 did not significantly alter SNGFR responses to increasing late proximal tubular flow rate in cd73 ϩ/ϩ or cd73 Ϫ/Ϫ mice. However, minor differences, too small to be detected in a statistically significant way, cannot be excluded, and, especially in cd73 Ϫ/Ϫ mice, NF279 tended to lower the fall in SNGFR. This tendency may reflect a minor contribution of P2X receptors in TGF under these particular conditions or reflect TGF-independent increases in SNGFR in response to blocking P2X receptors on mesangial cells or at the afferent arteriole, which are stimulated by elevated local ATP concentrations. Further studies in cd73 Ϫ/Ϫ mice are required to assess renal ATP and adenosine metabolism, the renal expression of the respective purinergic receptors, and the regulation of afferent and efferent arteriolar resistances.
In conclusion, our results support the notion that extracellular formation of adenosine by ecto-5Ј-nucleotidase (cd73) is dispensable for normal fluid, Na ϩ , or K ϩ reabsorption along the nephron, but contributes to the regulation of GFR. Adenosine being generated by both ecto-5Ј-nucleotidase (cd73)-dependent and -independent mechanisms participates via activation of adenosine A 1 receptors in the mediation of TGF in vivo.
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